In this paper characterization of internal mechanical stress state in boiler steel plate by the Barkhausen eect based method was presented. The aecting of calibration functions shape by tensile and compressive residual stress was observed. Beside of the signicant residual stress anisotropy in sub-surface layers, unfavorable location of main directions of stress was revealed on both sides of the plate. The new method of calibration function without heat treatment of calibration specimens was elaborated and presented also. The investigations of Barkhausen noise as function of applied stress for dierent intensity and frequency of magnetization current were performed. Based on this, optimal magnetization conditions of doing measurement were estimated. Own construction of measuring apparatus for experiments was used.
Introduction
Majority of all manufacturing processes of production steel sheets and plates introduces internal, so-called, residual stress. Generally, constituted stress state at the stages, e.g. cooling or straightening, is negatively inuencing on utility properties.
Such stress state occurs during cutting and forming elements, when the accumulated residual stress releasing is causing their deformation. These problems were observed in P265GH steel plate used for boiler installation. Long pieces cut from this sheet were spontaneously twisted ( Fig. 1) . During searching of the causes of deformation, the diagnostic examinations were performed [1] . But the micro hardness and microstructure testing did not reveal significant dierences in mechanical properties that could be the reason of it. Only preliminary investigations by nondestructive method, Barkhausen eect based, pointed out on existence of unfavorable residual stress state in the plate.
This method relies on measurement by special equipment, series of electrical pulses magnetic Barkhausen * e-mail: tomasz.garstka@wip.pcz.pl noise (MBN), induced in search coil by discontinuous movement of domains' walls (Barkhausen jumps) during magnetization of tested ferromagnetic materials [2] .
It is observed and well-known as characteristic steps on the hysteresis loop. Course of the Barkhausen phenomenon, as well as electrical and geometrical parameters of the MBN, depends on microstructure (type, disclocations, defects, etc), stress state and magnetization state of tested material. This eect is utilized for nondestructive comparative investigations of ferromagnetic materials, especially stress state in steels [3, 4] .
These cursory MBN examinations of P265GH steel plate have given no answer about real values of the stress.
Due to this, it was necessary to conduct more detailed Barkhausen research, covering determination of calibration functions and magnetization conditions.
Material characteristic and sample preparation
The investigated steel plate is used for hot water installation elements. As in delivery state, sheet dimension are 5 mm × 1500 mm × 5000 mm. 
Experiment set-up and parameters
The investigations were conducted using the measur- In the measuring part, the high pass lter had cut-o frequency at 1 kHz. Total gain of both ampliers was 120 dB and can be changed with 5 dB steps.
The processing unit let to determine parameters of MBN as the Root Mean Square value, envelope signal or TTL pulse according to Barkhausen jumps over the given voltage level. For further computer data processing, DAQ 3000 board, 1 MHz, was used.
The integral parts of apparatus are measuring heads for inducing and detecting Barkhausen noise. The measuring head could not be too small due to nonhomogeneity of materials and surface state prole inuencing on magnetization and detection coil contact.
From the other hand, if general dimensions are relative big, the inuence of edge impact is signicant and must be compensated.
In this experiment, the width of measuring head yoke was a few many times smaller than width of samples to avoid impact of edges. To keep stable magnetization during calibration, when the sample is bent, the yoke poles were rounded. The average length of the magnetic ux path through the C -shape yoke and tested material was 60 mm. The magnetization winding has 150 turns of 0.5 mm diameter. As the detection coil, the commercial SMD coil, with ferrite core was used. Its measurement area was 10 mm 2 .
The external stress was applied by the special equip- and 500 mA. During the initial tests, current 100 mA was used, but for 6 Hz, the Barkhausen noise has very low amplitude and these series of measurement were canceled and not taken into consideration. Also, the highest value of the magnetizing current, 500 mA was used only for optimization of usable range of magnetization conditions and full range of calibration was not performed.
To cover dierent MBN levels at wide range of magnetization's parameters changes, the 110 dB total gain of both ampliers was set.
Based on the previous works of author [5, 6] average uncertainty of RMS measurements covering nonrepeatability of application the measuring head to the samples, non-homogeneity of steel structure and others errors, must be estimated up to 10%.
Results
Before the main tests, at the state of no external stress loads, the oscillograms of Barkhausen noise in calibration specimens were recorded. They were presented in Fig. 4 .
The magnetization current intensity I m was 300 mA and the frequency f m was 12 Hz. For other magnetization frequencies, the shapes of the oscillograms were similar. In this form, these curves were not usable for universal stress determination and free direction of magnetization angle. Taking into consideration signicant values of residual stress, over 100 MPa, the annealing in high temperature must be applied to stress state removal.
Author in [8] analyzed the problem of stress relaxation in calibration samples by the heat treatment in Barkhausen noise measurements. According to this, low temperature and short time annealing does not ensure to achieve the state without stress in the specimen. On the other hand, long time and high temperature on annealing, although being able to provide full stress state relaxation, will be modifying the microstructure.
In present work, new method was elaborated to obtain universal calibration function without heat treatment of calibration samples. An idea of it relies on gluing the calibration functions received for two perpendicular directions into one, and balancing to x zero point (0 MPa) in the middle of linear part of characteristic (Fig. 7) . In this place, the most of dependences of MBN intensity in On the top side of the plate, the 150 MPa compressive stress was observed, whereas on the opposite side the tensile stress was near of +150 MPa.
Magnetization conditions
Advanced method of residual stress measurements by BN method, covering e.g. determination of stress in function of depth, need to be performed for dierent magnetization frequency. Also, simple stress measurements ought to be done for magnetization conditions, when the MBN is most sensitive to residual stress changes.
On the base of received results during stress evaluation, the optimal conditions of magnetizing for used experiment set-up were estimated. For this purpose, the developed Eq. (1) for characterization of dynamic of MBN changes in function of stress was used [8] . Fig. 9 . Radial diagram of residual stress distribution. (1), the values of RMS were taken not for one sample but for both, after the joining operation described above.
The map of this indicator as a function of magnetization current parameters in Fig. 10 was shown. Based on practical author's experience, the acceptable value of this indicator should be at least greater than 0,5 to obtain satisfactory resolution of the stress measurement. As can be observed, for all frequencies, magnetization current must be over 200 mA and generally, the best conditions exists for I m between 300 mA and 400 mA. Fig. 10 . Inuence of magnetization conditions frequency and current intensity on value of ∆RMSMBN indicator.
Summary
The study to assess the level of residual stresses was presented in this paper and it revealed a high value of these stresses in tested plate. As an eect of it, the cal- 
